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Abstract 
Kuebler et al. (2006) identified variations in olivine Raman spectra based upon the composition of 
individual olivine grains, leading to identification of olivine composition from Raman spectra alone. 
However, shock on a crystal lattice has since been shown to result in a structural change to the 
original material, which produces a shift in the Raman spectra of olivine grains compared with the 
original un-shocked olivine (Foster et al., 2013). This suggests that the use of the compositional 
calculations from the Raman spectra, reported in Kuebler et al. (2006), may provide an incorrect 
compositional value for material that has experienced shock. Here we have investigated the effect of 
impact speed (and hence peak shock pressure) on the shift in the Raman spectra for San Carlos 
olivine (Fo91) impacting Al. foil. Powdered San Carlos olivine (grain size 1 ƚŽ  ? ?ʅŵ )was fired at a 
range of impact speeds from 0.6  ? 6.1 km s-1 (peak shock pressures  5  ? 86 GPa) at Al. foil to simulate 
capture over a wide range of peak shock pressures. A permanent change in the Raman spectra was 
found to be observed only for impact speeds greater than ~5 km s-1. The process that causes the 
shift is most likely linked to an increase in the peak pressure produced by the impact, but only after a 
minimum shock pressure associated with the speed at which the effect is first observed (here 65  ? 
86 GPa). At speeds around 6 km s-1 (peak shock pressures ~86 GPa) the shift in Raman peak positions 
is in a similar direction (red shift) to that observed by Foster et al. (2013) but of twice the magnitude.  
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1. Introduction 
The mineral olivine is one of the most abundant minerals in the solar system and forms a major 
component of asteroids, comets (Zolensky et al., 2008) and dust particles (Henning, 2010). Olivine 
minerals range in composition depending on the Mg and Fe content within the formula (Mg, Fe)2 
[SiO4], with the end members being Fayalite (Fe)2[SiO4] and Forsterite (Mg)2[SiO4]. Previous studies 
of olivine minerals using Raman spectroscopy, have shown that the typical olivine spectra is 
dominated, and easily identifiable, by two close peaks with peak positions of around 820 cm-1 for 
peak 1 (P1) and 850 cm-1 for the second peak (P2) (Fig. 1) (e.g. Paques-Ledent and Tarte, 1973; 
Ishii,1978; Piriou and McMillian, 1983; Guyot et al., 1986;  Chopelas, 1991; Mohanan et al., 1993; 
Keubler et al., 2006). The olivine peak doublet represents the internal stretching vibrational modes 
of the SiO4 ionic group) and the height of P1 and P2 are a function of the crystal orientation 
(Chopelas, 1991). However, it has been observed that the position of these peaks systematically 
varies with olivine composition, thus allowing compositional analysis of the olivine to be undertaken 
using Raman spectroscopy alone (e.g. Kuebler et al., 2006, Ishibashi et al., 2012). In general, the P1 
and P2 twin peak structure has previously been shown to persist at static pressures up to 50 GPa. A 
systematic shift in position with increasing static pressure was reported, but this shift was reversed 
under relaxation to ambient conditions (Durben et al., 1993). However, the shock induced within a 
crystal structure by hypervelocity impacts has been shown to cause a permanent shift in the P1 and 
P2 peak positions of olivine from that of the original unaltered olivine grains (Foster et al., 2013). 
This was in impacts on aluminium at a speed of 6.1 km s-1. The peak shift observed as a result of 
hypervelocity impacts is thought to be a result of the SiO bond being compromised during the 
impact. This follows on from earlier work e.g. Farrell-Turner et al., 2005, which, although they found 
no systematic shifts in Raman spectra of polycrystalline olivine up to shock pressures around 59 GPa, 
did report some effects such as peak broadening as well as the appearance of some extra Raman 
bands at high sock pressures; this suggests some change in structure was starting to occur. Xie et al., 
2001, also reported on shock experiment on olivine rich samples. They reported that at peak shock 
pressures of 83 GPa, the P1 and P2 Raman peaks both broadened and sometimes shifted slightly to 
lower wave numbers, but provided no detailed quantitative analysis of this effect.      
The work of Foster et al., 2013, was stimulated by the way the NASA Stardust spacecraft collected 
cometary dust in space. The Stardust mission collected dust from comet 81P/Wild 2 in 2004 and 
returned it to Earth in 2006 (Brownlee et al., 2006). This material was captured in silica aerogel and 
in craters on Al. foils, after an impact at 6.1 km s-1, which occurred as the spacecraft flew past the 
comet and was struck by the freshly ejected cometary dust. Analysis of these materials has provided 
insights into the composition of the comet, which, amongst other things, contained crystalline 
silicates consisting of a mixture of pre-solar and solar materials (e.g., Keller et al., 2006; Wopenka, 
2012; Floss et al., 2013). The particles captured in aerogel are distributed as terminal grains in tracks, 
or as fine grained material along the walls of the tracks, and have a highly varied shock pressure 
history due to the capture method (e.g. see Hörz et al., 2006; Burchell et al., 2008a) with peak shock 
pressures estimated as ~800 MPa (e.g. Trigo-Rodriguez et al., 2008). By contrast, cometary dust 
impacts at 6.1 km s-1 on the Al. foils resulted in classic bowl shaped craters or multiple pit craters 
(e.g., Hörz et al., 2006; Kearsley et al., 2009; Price et al., 2010) which contained most of the impactor 
retained in a single location. The hypervelocity impacts that formed the crater within the Al. foil 
would have caused the olivine grains to experience peak shock pressures estimated as 85-90 GPa for 
Fo90 (at 6.1 km s-1, Burchell and Kearsley, 2009), or 79 GPa for Fo89 (at 5.82 km s-1, Wozniakiewicz et 
al., 2012a). The peak shock pressure range indicated by these estimates (some 80  ? 90 GPa 
depending on the estimate used) is sufficient to cause at least partial melting of the projectile 
material, forming a melt residue within the crater (e.g. see Bernard and Hörz, 1995). However, 
Wozniakiewicz et al., 2012b, showed that the crystalline silicate material present in these craters 
arose directly from the original impactor and not from a recrystallized melt (also see Burchell et al., 
2008b).  
Whilst this picture of (relatively) intact cometary grains being preserved in the Stardust aerogel, vs. 
heavily processed (melted or fragmented) grains being found in the Al. foil, suggests that the former 
is favoured for analysis; this is not quite the full picture.  For example, Bernard and Hörz et al., 1995, 
reported that even in impacts of glass on Al. at 7 km s-1 there was some un-melted projectile 
material in the crater afterwards. Similarly, Hernandez et al., 2006, showed that impacts of metallic 
projectiles on metal targets at speeds up to 5 km s-1, produced not just impact melt but discrete 
fragments of the impactor in the crater walls. Subsequently, it was shown by Burchell et al., 2008b, 
that not only were distinct fragments of several mineralic impactors on Al. foil detectable lining the 
crater after impact at 6.1 km s-1, but that they had also preserved sufficient crystallinity to be 
identifiable by Raman spectroscopy. Later work has studied such craters in detail and shown that the 
fragments can comprise a relatively large fraction of the original grain, particularly for small 
impactors (e.g., see Wozniakiewicz et al., 2012b, Croat et al., 2015). However, the capture process 
may have left residual strain in the crystalline lattice. Accordingly, Foster et al., 2013, investigated 
the effects of high speed capture of olivine grains into aerogel and aluminium foils for a suite of Mg-
Fe compositions. They fired synthetic olivine into aerogel and Al. foils at speeds of ~6.1 km s-1. The 
material captured within the resulting aerogel tracks and Al. foil craters was analysed using Raman 
spectroscopy and the spectra then compared to that of the original un-shot olivine grains to 
determine the effect of impact on the position of P1 and P2 peaks. Their most significant conclusion 
was that for highly shocked olivine material captured in the Al. foils, there was a change in the 
relationship between the positions of the two main Raman olivine peaks P1 and P2 as a result of the 
strain imposed on the olivine crystal lattice during the impact event. Therefore, cometary dust 
residue located in the Al. foils on the Stardust mission and analysed by Raman spectroscopy, would 
not give a true result for the olivine composition, unless this bias was corrected.  
However, the work undertaken by Foster et al. (2013) was limited in that: (1) The olivine grains 
making the impact craters were single grains, 10  ?  ? ?ʅŵŝŶƐŝǌĞ ?/ŶƚŚĞĐŽŵĞƚĂƌǇĚƵƐƚĐŽůůĞĐƚĞĚďǇ
Stardust, grains of this size were often assemblages of much finer grained material of varying 
compositions, and the majority of impacts were made by impactors smaller than 10 µm. (2) The 
synthetic olivine material used by Foster et al. (2013) contained some unreacted ingredients which 
may potentially have had an unknown effect on the Si-O vibrational state. (3) The data were 
collected at a single impact speed and thus provide little insight into how the results vary with 
impact speed and thus peak shock pressure.  
Accordingly, this paper investigates the Raman spectra of micrometre scale olivine powder which 
impacted Al. foil at a range of velocities and thus peak pressures. The material used for this 
investigation was natural homogenous San Carlos Olivine material, removing the possible effect of 
unreacted materials in artificial olivine. The olivine was ground into small grains with a significant 
fraction smaller than 10 ʅŵ.  
2. Method 
Milligrams of sub-micrometre San Carlos olivine powder were loaded into a nylon discarding-sabot 
and fired at 1 cm2 pieces of 103 ʅm thick Stardust analogue Al. foil (Al. 1080), using the two stage 
light gas gun at the University of Kent (Burchell et al., 1999). In total, six shots were undertaken, with 
impact speeds ranging from 0.6 to 6.3 km s-1 (Table 1). The speed for each shot was measured using 
sensors which detected the time of exit from the launch tube, the impact of the sabot on a plate 
placed part way down the range and the impact on the target. This gave a shot speed accurate to 
±4% for small (<5 micron) projectiles, with the size of the uncertainty dominated by dispersion of the 
fine dust into a cloud during the shot. The target was arranged perpendicular to the line of flight, so 
all impacts were at normal incidence. 
The peak shock pressure in each shot was calculated using the Planar Impact Approximation, PIA,  
(Melosh, 1989), with a linear wave speed equation with S and C values of 0.88 and 6.0 kms-1 for Fo92 
(Ahrens and Johnson, 1995) and of 1.34 and 5.380  kms-1 for Al. 1100 (Marsh, 1980). The olivine 
density was 3246 kg m-3, with 2712 kg m-3 for Al. The resulting peak pressures are given in Table 1. At 
the higher speed of 6.31 km s-1, the calculated peak shock pressure generated during impact is 86.1 
GPa, which is within the range give previously by Burchell and Kearsley, 2009. If we recalculate the 
PIA at an impact speed of 5.82 km s-1, the speed used by Wozniakiewicz et al., 2012a, we find a peak 
pressure of 77.1 GPa, comparable to the value of 79 GPa reported by Wozniakiewicz et al., 2012a.   
The olivine powder used was a natural San Carlos olivine from Arizona, which has been used in 
previous work (e.g. Kearlsey et al. 2007; 2009) and which was subject to a range of analytic tests to 
confirm its nature. Wozniakiewicz et al, 2009, used SEM-EDX analysis on this sample to confirm it as 
Fo91 compatible with the generally reported range of values for San Carlos olivine reported in the 
literature (e.g. see Fournelle, 2007). The raw grains were reduced in size using a Retsch PM 100 ball 
mill at the University of Kent. The first step was dry milling to reach sizes >  ? ?ʅŵ. This was followed 
by wet milling to achieve sizes of < 10 ʅŵ. An SEM image of the grains is shown in Fig. 2, and typical 
sizes ranged from <1 to 10 ʅŵ with the majority (>50%) of the grains being <5 ʅŵ.   
During a shot, the powdered projectile material formed a cloud which impacted the Al. foil forming 
craters. After each shot, the Al. foils were studied using a scanning electron microscope (Hitachi 
S3400N). All the images were obtained without a carbon coating, using an operating voltage of 20 kV 
and an emission current between 75-90 nA. An Oxford instrument EDX system (XMAX-80 Silicon drift 
detector) was used to confirm that the craters contained silicate residue, and to produce a high 
magnitude map of the foil. The presence of large craters in some shots however, implies impactors 
above the size limit of the samples during preparation; it suggests that some of the fine grains 
clumped together during handling and remained so during flight in the gun. This would have 
produced assemblages which were multi-grained objects at the moment of impact, and hence larger 
craters. In Fig. 3, we show a montage of images of craters from the high speed shots. The number of 
craters increases with increasing impact speed with 2287 craters observed after the impact speed of 
1.09 kms-1 and >10,000 craters observed at 6.31 kms-1. This combined with the greater frequency of 
larger craters in the low speed shots suggests that these multi-grained assemblages were more likely 
to break up under the shock of being fired at higher speeds resulting in more numerous small 
craters.    
The target foils were then analysed via Raman spectroscopy, using a red (633nm) laser with a grating 
of 600 lines per mm on a Horiba LabRam-HR Raman spectrometer with a maximum laser power of 
~3 mW at the sample, thus avoiding unwanted heating and possible modification of the sample 
material. The laser spot size was typically a few µm diameter. The presence of olivine was easily 
identifiable due to the distinct doublet peak with main peaks P1 and P2 (Fig. 1). In total, Raman 
spectra were taken from 40 raw grains spectra (some before and after every shot). From these 
spectra, for the raw grains, we obtained P1 = 823.80 ± 0.12, ʍA? 0.68, cm-1, and P2 = 856.01 ± 0.16, ʍ 
= 0.90, cm-1. dŚĞǀĂůƵĞŽĨʍŐŝǀĞŶŝƐƚŚĞƐtandard deviation of the sample about the mean. Note that 
the uncertainty given on each mean value is the error on the mean, assuming a standard distribution 
ĂŶĚ ƚĂŬŝŶŐ ƚŚĞ ƵŶĐĞƌƚĂŝŶƚǇ ĂƐ ʍ ?Ŷ (where n is the number of spectra used). These mean values 
correspond to an olivine composition of Fo84.5 (P1) and Fo87.3 (P2) using equations 1 and 2 
respectively from Foster et al. (2013). Both values are lower than expected from the SEM-EDX 
compositional analysis and for high Fo values are estimated by Foster at al. (2013) to be accurate to 
1.7 molar units. Foster et al. (2013) also provide a calibration for the Fo content in terms of the 
difference P2-P1, and this (eqn. 3) gives Fo96.0, but at high Fo values this estimate is uncertain to 5 
molar units.  
3. Results  
In this section we discuss the results shot by shot. We describe the crater sizes and shape. Inside 
each shot, Raman spectra were taken from 4  ?  ? ?ĐƌĂƚĞƌƐ ?dŚĞƌĞƐƵůƚƐĂŶĚƐƚĂŶĚĂƌĚĚĞǀŝĂƚŝŽŶ ? ?ʍ )ŽĨ
the mean values for the P1 and P2 peak positions are shown in Table 1. Details of the crater 
morphology (Fig. 3) and the Raman results from the residues (Fig. 4, vs. impact speed, and Fig. 5, vs. 
peak shock pressure) in all shots are given below. Figure 6 shows the mean spectra for all shots and 
the unshot olivine to show the shift in P1 and P2 peak position with increasing impact speed. 
Mean spectra were formed by co-adding all individual spectra inside each shot. 
3.1 Impact speed 0.60 kms-1 
At the slowest speed of 0.6 km s-1, we found few well defined craters on the surface of the Al. foil, 
due to the low speed of the impacting grains. Although we had hoped some grains might have stuck 
ŝŶƚŚĞĨŽŝůƐ ?ƚŚĞĨĞǁĐƌĂƚĞƌƐƚŚĂƚǁĞƌĞŽďƐĞƌǀĞĚǁĞƌĞAM ? ?ʅŵŝŶĚŝĂŵĞƚĞƌĂŶĚƉƌŽĚƵĐĞĚĐĂƌďŽŶƌŝĐŚ
Raman spectra, suggesting they arose from impact of some sort of gun debris. We thus suggest that 
at this speed the grains rebounded from the foil after impact (rather than embedding themselves or 
making impact craters). Given the small size of the grains we were unable to recover the grains from 
the floor of the target chamber after the impacts. Further, given the lack of craters there were no 
Raman spectra after impact from this shot. 
3.2 Impact speed 1.09 kms-1 
In this shot the craters were few and far between, with the majority being very small <10 ʅŵ (94 %) 
with only 2 craters being larger than 50 ʅŵ. The craters were round and bowl shaped with a 
rounded lip around the entire length of the circumference. There appeared to be little elongation or 
butterfly symmetry to the lip and crater rim.  One crater (dia. = 20.2 ʅŵ, see Fig 3A  “ƐŝŶŐůĞĐƌĂƚĞƌ ?) 
appeared to have the projectile sticking out of the foil, indicating intact capture of the projectile 
which had embedded itself in the foil. Some silicate rich material from the projectiles was observed 
in places on the surface of the foil in large clumps without having produced an observable impact 
crater. This clumping effect would explain the lack of smaller craters as the large clumps will contain 
much of mass of the projectile material.   
Four craters were found to contain olivine peaks within the Raman spectra of the crater residue. All 
four ĐƌĂƚĞƌƐǁĞƌĞAM ? ?ʅŵ in diameter, and it was the four largest crater in this size range which gave 
olivine Raman spectra. Due to the small size of these craters, only one Raman analysis was recorded 
from each. A strong carbon signal both the G and D bands were also observed within the crater 
residue spectra, indicating that a fine layer of gun debris had also reached the target after the olivine 
and been preserved. The crater residue produced at this speed show a slight positive shift (defined 
as being to higher wave numbers) in both the P1 and P2 positions (824.35 ± 0.10 ?ʍA? 0.20, cm-1, and 
856.64 ±  ? ? ? ? ?ʍA? 0.13, cm-1 respectively) compared to the un-shot grains (823.80 ± 0.12 ?ʍA? 0.68, 
cm-1 and 856.01 ± 0.16 , ʍ A? 0.90 cm-1 respectively). This was the only shot where the residue 
showed a positive shift in peak positions (see Figs. 4, 5 and 6). It should be noted however, that this 
shift is only just three times the error on the value, with therefore borderline statistical significance. 
We also considered if the peak positions were varying in a common way by forming the difference in 
mean peak positions (P2  ? P1, see table 1). The P2-P1 value in this, and indeed in all the shots, 
remains fairly constant around 32 cm-1, which is similar to that observed in the raw grains as well.    
3.3 Impact speed 1.90 kms-1 
The craters that were observed in this foil were elongated with uneven crater lips which side the 
longest diameter. They were shallow with short crater walls and easily observable crater floors, 
within which residue is observed in the larger craters (20-50 ʅŵ, 12 % of the observed craters). Only 
three large craters were observed >50 ʅŵ. With one exception, at this size the craters still appeared 
elongated on one axis, and therefore produced a butterfly-like symmetry along the long edge of the 
crater (see examples in Fig 3B). Unlike the impacts at 1.09 km s-1, the craters did not contain large 
intact impactors, but did show considerable material retained at the impact site. Some of the 
smallest craters (<10 ʅŵ, 50 %) do not show the elongated feature, instead having the rounded bowl 
shape crater appearance characteristic of hyper velocity impacts, similar to those observed in the 
higher speed studies. This foil appears to have a greater density of gun debris, all of which has a high 
carbon composition but was readily identifiable from the mineralic cratering. 
Individual Raman spectra from 15 different craters of 50-100 ʅm in diameter were analysed. The 
mean P1 position shows a negative shift of 0.4 cm-1, with the mean P2 peak position having a 
negative shift of 1.15 cm-1. The shift in P1 mean has low significance when the associated error is 
considered (see Figs. 4a, 5a and 6, where the error bars are shown). The shift in P2 does appear 
more significant, but when the data for all shots is looked at no trend emerges at this speed 
indicating that it is a fluctuation rather than a physical phenomenon.     
3.4 Impact speed 4.00 kms-1 
The craters produced at this speed had a rounded appearance with irregular lip features around the 
edge (Fig. 3C). There were multiple small ĐƌĂƚĞƌƐ A?10 ʅŵ (93 % of total craters) that had similar 
profiles to that observed in the larger craters, i.e. a bowl shape with a raised lip around the complete 
rim of the crater; the larger craters did however appear to show more irregular lip features. Some 
larger irregular material exists on the surface of the foil. However from the SEM analysis this 
material had no Si and a high C content. It is therefore debris from the firing process and was 
ignored. Some of the larger craters >20 ʅŵ (2 % of total) had irregular crater lips that were not 
uniform and had a butterfly-like symmetry.   
Analysis of the impact residue in 10 craters demonstrated a negative shift in the peak position of 
both of the P1 and P2 peaks by 0.20 cm-1 and 0.16 cm-1 respectively when compared to that of the 
original raw olivine grains (Figs. 4, 5 and 6). However, compared to the uncertainties in the results 
(the error bars are shown in Figs. 4, 5 and 6), the data are readily compatible with no statistically 
significant shift being observed.  
3.5 Impact speed 5.12 kms-1 
The craters at this speed were numerous with more than 5000 craters being observed, 97 % of 
which werĞAM ? ?ʅŵŝŶĚŝĂŵĞƚĞƌ ?dŚĞĐraters were all rounded bowl shaped with irregular lips (Fig. 
3D) around the crater. Many of the craters produced an olivine Raman spectrum in the Raman 
spectrometer, in addition to a strong Mg peak when analysed on the SEM-EDX. There were not a 
ůĂƌŐĞ ŶƵŵďĞƌŽĨ ĐƌĂƚĞƌƐ ůĂƌŐĞƌ ƚŚĂŶ  ? ?ʅŵin diameter ǁŝƚŚ ƚŚĞ ůĂƌŐĞƐƚ ŽďƐĞƌǀĞĚ ďĞŝŶŐ  ? ? ʅŵ ?A 
large crater near the centre of the foil, was produced by gun debris travelling at around 2 kms-1. 
There was no evidence of any crater containing large fragments of intact projectile material.  
10 craters were analysed from the foil impact at 5.12 km s-1; all produced strong olivine peak 
doublets. This experiment was completed at a later date compare to the others recorded here and 
thus used a differing sample of San Carlos olivine. Therefore the Raman spectra of the crater 
residues from this shot were compared to raw grains of the new sample, rather than the mean of 
the raw olivine powder used previously. The mean P1 and P2 positions on ten Raman spectra from 
the new sample of the raw olivine powder were found to be 824.2 ± 0.1 ?ʍA? 0.2, cm-1 and 856.4 ± 
0.1 ?ʍA? 0.4, cm-1 respectively. These suggest Fo values of Fo87.3 and Fo89.2 respectively, or Fo95.9 from 
P2-P1, using the calibrations of Foster et al., 2013. These are in general compatible with the 
expected value of Fo91. 
The mean P1 and P2 values for the crater residues show a negative shift (Figs. 4, 5 and 6) for the P1 
and P2 peak positions. The degree of shift (-0.39 for P1 and -0.47 for P2) still falls just within one 
error bar of no shift at all, again indicating that the shift is not significant, even at a high impact 
shock pressure of 65 GPa (Fig. 5).         
3.6 Impact speed 6.31 kms-1 
The craters on this foil were numerous and ranged in diameter from <10 ʅŵ ƚŽ ? ? ?ʅŵ, with only 
 ?A?ŽĨĐƌĂƚĞƌƐŚĂǀŝŶŐĂĚŝĂŵĞƚĞƌA? ? ?ʅŵĂŶĚ ? ?A?ŽĨĐƌĂƚĞƌƐŚĂǀŝŶŐĂĚŝĂŵĞƚĞƌAM ? ?ʅŵ ?A calibration 
has previously been obtained for crater diameter vs. projectile diameter at an impact speed of 6.1 
km s-1 (Kearsley et al., 2007). Ignoring the slight difference in speeds, this suggests that for crater 
diameters of 10 and 5 ?ʅŵ, the olivine impactor size was 2 and 1 ?ʅŵrespectively. The crater sizes 
in general in this shot are thus compatible with the raw grain size distribution.  A later re-calibration 
(at similar speed) for projectiles of less than 10 ʅŵ dia., suggested that at smaller sizes a slightly 
different calibration holds, due to a strain-rate dependence in the target strength (Price et al., 2010). 
However, this would predict here an impactor size range of 5 and 1 ?ʅŵĚŝĂ. for crater diameters of 
10 and 50 ʅŵĚŝĂ. respectively, still compatible with the raw grain size distribution.  
Given the calibration of Price et al. (2010), this suggests that only 1 % of impactors had a diameter > 
 ? ? ʅŵ ? ǁŚŝůƐƚ  ? ? % oĨ ŝŵƉĂĐƚŽƌƐ ŚĂĚ Ă ĚŝĂŵĞƚĞƌ ŽĨ  ? ? ʅŵ Žƌ ůĞƐƐ ? The increased number and 
frequency of small ĐƌĂƚĞƌƐAM ? ?ʅŵ ?ĐŽŵƉĂƌĞĚƚŽƚŚĂƚŝŶůŽǁĞƌƐƉĞĞĚƐŚŽƚƐ, where normally higher 
speed shots of the same material usually produce larger craters) suggests that the greater 
acceleration allows any aggregated projectile material to separate into the finely milled powder 
sized components. This also explains the greater number of craters overall in the higher speed shots. 
The small craters were all rounded with crater lips which continued around the length of the crater 
rim. The crater walls and floor were not observed in the images suggesting that they were relatively 
deep. The crater lips are similar in length to the radius of the craters they surround. In several of the 
larger craters it was possible to observe the crater floor using SEM imaging, which had a mosaic 
texture which is the residue of the projectile (Fig 5E), this texture is discussed in detail in 
Wozniakiewicz et al., 2015.  
In this shot we obtained 9 Raman spectra from 9 of the small craters. The impact residue had a mean 
P1 peak position of 821.95 ± 0.21 ? ʍ A? 0.62, cm-1, a lower wave number then the raw unaltered 
grains by 1.85 ± 0.24 cm-1 (Figs. 4, 5 and 6). The same direction of shift is also observed for the mean 
P2 position (average peak position of 853.96 ± 0.21 ? ʍ A? 0.63, cm-1), with an average difference 
between the crater residue and the raw un-altered grains of 2.05 ± 0.18 cm-1.  This was the only shot 
where both P1 and P2 seemed to have undergone a shift in value of statistical significance (Fig. 6). 
The difference between the P1 and P2 peak positions (P2  ? P1) was however constant at around 32 
cm-1.  
4. Discussion  
 
4.1 Variation in crater morphology with velocity speed  
The variation in crater morphology with impact speed, for impacts on aluminium has been reported 
in great detail by previous researchers. For example, Bernard and Hörz, (1995), describe how crater 
shape varies for impacts of soda lime glass spheres (dia. 3.2 mm) impacting aluminium 1100 at 
speeds from 1 to 7 km s-1. The data here overlap substantially with the impact speed regime of 
Bernard and Hörz, (1995), but do so with projectiles some 3 orders of magnitude smaller in 
diameter. As pointed out by Price et al. (2013), strain rate hardening can influence the size of 
micrometre scale craters when high strain rates are achieved in impacts.  
Whilst in this paper we present no detailed depth to diameter measurements of crater shape, the 
evolution of crater shape with impact speed does show some trends. We note that crater 
morphology and depth do appear to vary with increasing impact speed. For example, the crater 
shapes typically observed in the 1.09 kms-1 shot were elongated and shallow with butterfly crater lips 
along the long axis. The crater walls were not steep, with the crater floor being visible in the small 
ĐƌĂƚĞƌƐ ?AM ? ?ʅŵ). In some cases the projectile actually remained intact within the crater (extruding 
from the foil due to the shallowness of the crater). The craters produced in the 1.9 kms-1  shot were 
similar, but with less evidence of projectile capture. By contrast, the impacts in the 4 km s-1, 5.12 km 
s-1 and 6.3 km s-1 shots produced deep bowl shaped craters with irregular lips and steep crater walls. 
This transition from low speed crates to those more typical of hypervelocity impacts thus occurs at 
speeds between around 2 and 4 km s-1, as also reported for larger craters by Bernard and Hörz, 
1995. Thus whilst (relative) crater size may be influenced by strain rate effects in micrometre scale 
impacts, the general evolution of crater shape with impact speed is not.        
4.2 Residue in craters. 
The earlier work of Bernard and Hörz (1995) not only describes the evolution of crater shape with 
impact speed, but also the distribution of projectile material inside the crater. They note, as here, 
the increasingly fragmented nature of the material, along with the on-set of the appearance of 
melted material as impact speed increases. They rely on appearance in images to indicate the 
presence of melt, but do report seeing un-melted fractions even at impact speeds of up to 7 km s-1. 
A more detailed TEM study of projectile residues is reported in Wozniakiewicz et al., 2012a,b, where 
the presence of un-melted material after impacts of minerals into Al. at around 6 km s-1 is 
extensively reported. There is a separate TEM study of residue in impact craters in Al. at 6 km s-1 in 
Croat et al., 2015. All the authors seem to agree that significant amounts of projectile material 
remain in the craters even at high impact speeds. What the work reported here also shows, is that 
subtle changes in structure may still be occurring at high impact speed, even when the material 
appears intact in terms of composition and morphology.       
4.3 Comparison of the Raman results with past work   
Foster et al. (2013), undertook similar experiments to those here firing monolithic olivine grains at 
Al. foil targets, but used a single impact speed (~6.1 km s-1) and olivine grains of three well 
constrained Fo compositions (Fo40, Fo80 and Fo100). Foster et al. (2013) carried out Raman 
spectroscopy on the resulting residues in impact ĐƌĂƚĞƌƐ ǁŝƚŚ ĚŝĂŵĞƚĞƌƐ ĂƌŽƵŶĚ  ? ? ʅŵ
(corresponding to impacts by grains around 10  ?  ? ?ʅŵŝŶĚŝĂŵĞƚĞƌ ) ? They concluded that for olivine 
with Fo compositions of 40, 80 and 100, a shift in the olivine P1 and P2 Raman peak positions 
occurred, producing lower peak positions for the residue then those of the original raw grains. It was 
observed that the shift was dependent on the Fo composition with a greater shift observed for Fo100 
(1 cm-1) then that observed for Fo40 (0.5 cm-1) for P1. The position of P2 also shifted downwards with 
the opposing trend of a greater shift at lower Fo compositions. There was thus a change in P2-P1 
which depended on Fo composition. The shifts observed here are in the same direction as those of 
Foster et al., 2013, but are larger in size (by a factor of about 2) and are of equal magnitude for both 
P1 and P2. 
Given that a separate study of impact residues by Wozniakiewicz et al., 2012a had shown, via SEM-
EDZ analysis, that there was no significant change in elemental composition of the olivine as a result 
of the impact and that the crystalline fragments in the residue had retained their original crystallinity 
(and were not recrystallized melt), Foster et al. (2013), concluded that the shift in the Raman peaks 
was a result of strain introduced into the samples by the impact shock. However, they only worked 
at one impact speed and hence shock pressure, so did not establish if this effect was simply 
proportional to impact shock pressure, or, if as reported for static loading by Durben et al. (1993), 
any such effect was reversed on unloading until a critical threshold (50 GPa) was passed. 
Independent of this subtlety, Foster et al. (2013) concluded that determining olivine molar 
composition from the P1 and P2 Raman peak positions (e.g. using equations 1, 2 and 3 given in 
Kuebler (2006)) can only strictly be applied to un-shocked samples. They then observed that olivine 
impact residues collected from comet 81P/Wild-2 via impacts at 6.1 km s-1 onto Al. foils, and 
analysed for their Fo content by Raman spectroscopy (as reported by for example Wopenka, 2012) 
will be mis-interpreted without an appropriate correction (a new calibration appropriate to impacts 
at ~6 km s-1 was supplied by Foster et al., 2013).  
5. Conclusions  
The results from this study confirm those of Foster et al., 2013, concerning a downward (red) shift in 
olivine Raman spectra P1 and P2 peaks after a high pressure shock. We find that the change in 
Raman spectra peak positions for olivine after shock, only becomes permanent above peak shock 
pressures in the range 65  ? 86 GPa. At lower impact shock pressures, any change which may occur 
during the shock is temporary and lost upon unloading. In static loading of olivine, Durben et al., 
1993, found no permanent change in the Raman spectra in experiments up to 50 GPa pressure. They 
did, however, note the appearance of new additional Raman peaks when samples were loaded 
above 30 GPa, indicating the on-set of a build-up of defects above 30 GPa. Similarly, earlier work on 
shock loading found indications of structural changes from around 40 GPa upwards (Xie et al., 2001, 
Farrell-Turner et al., 2005). We thus conclude that the change in positions of P1 and P2 observed 
here is due to an irreversible change in the olivine structure, either accumulation of defects or on-set 
of a structural rearrangement.  
The shift we observe here in P1 and P2 peak positions is twice that reported by Foster et al., 2013. 
This may be a result of the use here of smaller olivine grains as projectiles. Price et al., 2010, 
observed that as impactor diameter fell below 10 µm there was an abrupt reduction in crater size in 
impacts on Al. foil at 6 km s-1. In a subsequent paper (Price et al., 2013), they attribute this change to 
a rapid change in Al. strength as the strain rate increases. This effect is not included in the PIA 
calculations used here, so it may be that the peak shock pressure at 6 km s-1 is underestimated for 
small grain sizes below 10 µm. A fully detailed hydrocode simulation using a strain-rate dependent 
strength model is required to explore this point further.          
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Figure Captions 
Figure 1: Schematic of a typical Raman spectrum for an olivine grains, showing the distinct peak 
doublet labelled P1 and P2. Further peaks distinctive of olivine are also visible at higher wave 
numbers. 
Figure 2: SEM back-scattered electron images of the olivine grains after milling. 
Figure 3: Secondary Scanning Electron Microscope images of the foils and craters produce by each of 
the high speed (>1 kms-1) shot. There is one shot per row. The image resolution increases from left 
to right from multiple to single craters.    
Figure 4: The difference in wave number in the Raman spectra vs. impact speed between the residue 
in craters and the raw grains. (a) Peak P1, and (b) Peak P2.   
Figure 5: The difference in wave number in the Raman spectra vs. peak shock pressure between the 
residue in craters and the raw grains. (a) Peak P1, and (b) Peak P2.   
Figure 6: Mean Raman spectra from each shot showing the P1 and P2 peak position between 800 
cm-1 and 900 cm-1. The white circles show the position of the highest point on the P1 and P2 peak 
corresponding with the data in Table 1. The black lines show the position of the P1 and P2  raw 
olivine peaks so that the degree of shift can be observed in the spectra produced at different 
impact velocities.      
Table captions 
Table 1: Key shot data.  This includes impact speed and peak shock pressures as well as the results of 
the Raman analyses for the mean positions of peaks P1 and P2. The subscript r indicates 




































Figure 1: Schematic of a typical Raman spectrum for an olivine grains, showing the distinct peak 













Figure 2: SEM back-scattered electron images of the olivine grains after milling. 
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Figure 3: Secondary Scanning Electron Microscope images of the foils and craters produce by each of 
the high speed (>1 kms-1) shot. There is one shot per row. The image resolution increases from left 





100 µm 100 µm 



















Impact speed (km s-1)
(a)
 


















Figure 4: The difference in wave number in the Raman spectra vs. impact speed between the residue 
in craters and the raw grains. (a) Peak P1, and (b) Peak P2.   
  


































Figure 5: The difference in wave number in the Raman spectra vs. peak shock pressure between the 











Figure 6: Mean Raman spectra from each shot 
showing the P1 and P2 peak position between 800 
cm-1 and 900 cm-1. The white circles show the 
position of the highest point on the P1 and P2 peak 
corresponding with the data in Table 1. The black 
lines show the position of the P1 and P2 raw olivine 
peaks so that the degree of shift can be observed in 
the spectra produced at different impact velocities.      
 Table 1: Key shot data.  This includes impact speed and peak shock pressures as well as the results of 
the Raman analyses for the mean positions of peaks P1 and P2. The subscript r indicates 

















(ms-1) (GPa) P1r ı P2r ı P2r-P1r P1r-P1o P2r-P2o n 
600 5.3 n/a n/a n/a n/a n/a n/a n/a n/a 
1090 10.1 824.35±0.10 0.20 856.64±0.07 0.13 32.29 0.6 0.6 4 
1900 19.0 823.40±0.17 0.66 854.85±0.13 0.52 31.45 -0.4 -1.2 15 
4000 47.0 823.60±0.40 1.27 855.85±0.37 1.18 32.25 -0.2 -0.2 10 
5120 64.9 823.81±0.35 1.12 855.93±0.37 1.17 32.12 -0.4 -0.5 10 
6310 86.1 821.95±0.21 0.62 853.96±0.21 0.63 31.02 -1.9 -2.0 9 
